Conditions for which superconformal filling of vias can be expected are predicted using the curvature enhanced accelerator coverage mechanism to model the effect of accelerator accumulation and area change on local copper deposition rate. Superconformal filling of vias is predicted to occur over a more limited range of electrodeposition conditions than in trenches of similar aspect ratio with significant implications for dual damascene processing. Parameters for the model describing both the accumulation of accelerator on the copper/electrolyte interface and the impact of the accumulated accelerator on the local deposition rate come from voltammetry experiments on planar electrodes. An idealized geometry permits reduction of the 3D filling problem to solution of a system of coupled first-order, nonlinear ordinary differential equations. Dual-damascene processing of semiconductor devices involves simultaneous electrodepositon of copper for both trenches and vias. Until recently, such processing has proceeded both with proprietary operational parameters and in the absence of a robust physical description of the feature filling process. This combination of factors has slowed scientific assessment of future prospects for this technology.
Dual-damascene processing of semiconductor devices involves simultaneous electrodepositon of copper for both trenches and vias. Until recently, such processing has proceeded both with proprietary operational parameters and in the absence of a robust physical description of the feature filling process. This combination of factors has slowed scientific assessment of future prospects for this technology.
Modeling of via filling in particular has been limited. One study detailed the effects of geometry on cupric ion depletion in an additive free electrolyte. 1 That study did not address superconformal filling ͑i.e., superfilling͒, which requires the use of both deposition rate inhibiting and accelerating additives in the electrolyte. Early models of superfilling assumed location-dependent growth rates derived from diffusion limited accumulation of only an inhibiting species in trenches 2 and vias. 3 Such models were unable to predict several key experimental observations of filling, including the initial period of conformal growth, general fill geometry during superconformal filling, and subsequent development of an overfill bump. [4] [5] [6] [7] Recently, however, modeling has advanced significantly with the publication of both a model electrolyte for the study of superconformal electrodeposition 7 and a curvature enhanced accelerator coverage ͑CEAC͒ mechanism that permits a quantitative description of superconformal deposition in trenches. 8, 9 The first part of the mechanism is that a dilute accelerating species ͑thiol or disulfide derived from a 3-mercapto-1-propanosulfonate additive ͑MPSA͒͒ adsorbs strongly on the depositing metal surface, thereby displacing the more weakly bound inhibiting species ͑derived from polyethylene glycol and chloride ͑PEG-Cl͒ additives͒. All adsorbed species are presumed to remain on or float at the surface during deposition. The second part of the mechanism involves the compression of adsorbed accelerator with reduction of surface area during growth, such as occurs at points of high positive curvature like the bottoms of small vias, resulting in increased local velocity. Models based on the CEAC mechanism have been shown to yield predictions that agree well with experimental results, including a period of conformal growth, bottom-up filling or void formation, and creation of overfill bumps, for filling of trenches between ϳ350 and 100 nm wide and 500 nm deep over a wide range of processing conditions. [8] [9] [10] [11] One such model used an idealized geometry and simplified cupric depletion to reduce the trench filling problem to a first-order ordinary differential equation that could predict the potential and concentration dependence of filling over a range of aspect ratios ͑height/width͒. 11 Predictions were compared with experimental results as well as results of a model that solves for the space and time dependent cupric ion and accelerator concentrations in the electrolyte using the actual interface shape. 9, 10 Agreement was good in both cases for the range of parameter space studied.
This work is the first to extend a model that successfully predicts all aspects of trench filling, in this case a CEAC-based model, to superconformal filling of vias. The time-dependent copper/ electrolyte interface shape is approximated by a cylinder for the side wall of the via and a plane for the bottom, and a cupric ion concentration varying linearly with distance down the via is assumed. The CEAC mechanism is then applied to the via geometry. Superconformal deposition by the CEAC mechanism might be anticipated to be enhanced as compared to that for trenches because the bottoms of vias have two nonzero radii of curvature while the bottoms of trenches have only one. However, unlike the sidewalls of trenches, the sidewalls of vias have nonzero curvature. This causes deposition on the sidewalls of vias to also be affected ͑accelerated͒ by the CEAC mechanism, to the detriment of superfilling.
Model
Determining the equations of evolution.-The time dependent interface shape of the copper/electrolyte interface is approximated for all times by a cylindrical surface, shown schematically in Fig. 1 . The validity of this approximation ͑and other approximations to come͒ has been discussed previously in the context of filling of trenches. 11 Filling of a via of initial radius R and height h is monitored by tracking the motion of the bottom and side surfaces. The velocity v is given by
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with F ϭ 96,485 C/mol, R B ϭ 8.314 J/mol K, and T ϭ 293 K, surface coverage of accelerator , overpotential , and cupric ion concentrations C Cu (2.5 ϫ 10 Ϫ4 mol/cm 3 ) in the bulk electrolyte and C at the interface. [7] [8] [9] All parameters are obtained from the results of cyclic voltammetry ͑CV͒ on planer substrates with the understanding that v ϭ i()⍀ Cu /2F, with i() the current density and ⍀ Cu the atomic volume of copper. The accumulation of accelerator from the electrolyte to the surface is approximated to have no explicit spatial variation within the feature. It is expressed in terms of the concentration of the additive in the bulk electrolyte C MPSA , the diffusion coefficient D MPSA , the number of available sites ⌫(1Ϫ ), and a potential dependent rate constant k() by
where k ϭ 1.8 ϫ 10 5 to 2.7 ϫ 10 7 3 ͓cm 3 /mol s͔, D MPSA ϭ 1 ϫ 10 Ϫ5 cm 2 /s, the thickness of the boundary layer is ␦ ϭ 150 m, the areal density of absorption sites is ⌫ ϭ 9.7 ϫ 10 Ϫ10 mol/cm 2 and accumulation is zero at zero time, t (0) ϭ 0. Equation 2, with parameters also obtained by CV on planer substrates, captures the gradient of concentration across the boundary layer as well as the equality of the fluxes diffusing across the boundary layer and attaching to the interface. With the rate thus defined, the accelerator accumulated on the interface saturates at unity coverage ͑one monolayer͒. As done previously, [8] [9] [10] [11] a value of ϭ 1 is used when shrinking area would make rise above unity. Excess is thus implicitly destroyed or incorporated into the deposited copper. Consumption of the adsorbed accelerator is ignored, an approximation that has been shown to be a reasonable estimate of actual consumption during copper deposition for the time scales relevant to feature filling.
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For potentiostatic deposition ͑fixed ͒, the radial displacements of the sidewalls, x, is expressed in terms of the accelerator coverage s and the local cupric ion concentration C s
The vertical displacement of the bottom surface is expressed in terms of the accelerator coverage b and the local cupric ion con-
The vertical displacement of the top surface is expressed in terms of the accelerator coverage t and the local cupric ion concentration
The coverage of accelerator on the sidewalls, s (t), is postulated to follow
The first term accounts for accumulation from the electrolyte. It is identical in form to the expression for accumulation of accelerator on the top surface as expressed in Eq. 2 because depletion of accelerator down the via is assumed to be negligible. The second term accounts for coverage increase caused by the area change due to the shrinking radius of the unfilled volume of the via; this is the CEAC mechanism. As no accelerator has accumulated at zero time, s (0) ϭ 0. The coverage on the bottom surface, b (t), is postulated to follow
The first term again represents the accumulation from the electrolyte. The last two terms represent accrual of the accelerator that was on the sidewall region eliminated by the upward motion of the bottom surface and concentration associated with the shrinking bottom surface area, respectively ͑Fig. 1͒. As in the simple model for trench filling, 11 Eq. 6 and 7 implicitly assume accelerator on the sidewall area eliminated by the upward moving bottom surface is distributed uniformly on the bottom surface. Again, b (0) ϭ 0. Equations 6 and 7 are nonlinear first-order differential equations in s and b . They can be solved using the experimentally derived kinetic parameters and Eq. 1.
From Eq. 3, the time t* at which the sidewalls would reach the center of the via ͑Fig. 1͒, is defined by
The criterion for filling is that the bottom surface reaches the top of the via before the sides impinge leaving a seam ͑or void͒. From Fig.  1 , this can be written as
with t* determined from Eq. 8 and y(t) from Eq. 4. The equality holds at the transition between conditions that lead to fill vs. those that lead to formation of a seam ͑or void͒. The conditions for fill are now expressed in terms of the functions (,C,) and the geometrical consequences of growth in the via in Eq. 6 and 7. The evolution of the quantities b (t), s (t), t (t), v b (t), v s (t), and v t (t), and thus y(t) and x(t) for Eq. 8 and 9, can be numerically evaluated using Eq. 1-7 once the cupric ion concentrations C b (t), C s (t), and C t (t) are known.
Accounting for cupric ion depletion.-The impact of cupric ion Cu 2ϩ depletion both across the boundary layer and down the via itself is determined as follows. Balancing the copper ion flux at the top of the gap ͑see Fig. 1͒ with the copper consumed through motion of the sidewalls and bottom gives
with cupric ion diffusion coefficient D Cu ϭ 5 ϫ 10 Ϫ6 cm 2 /s and ⍀ Cu ϭ 7.1 cm 3 /mol. In keeping with the approximate nature of the solution, Eq. 10 assumes that the cupric deposition rate on the sidewall region above the original via equals that within the via ͑cover-age given by Eq. 6͒; this ignores the fact that the sidewall above the via is newer and thus has had less time to accumulate accelerator. The ٌC is approximated as constant down the via; consistent with the composition gradient, cupric ion consumption by the sidewalls is modeled as occurring at the bottom of the via. For time-dependent concentrations of cupric ion at the bottom (C b ) and top (C t ) of the via related by
with ␤(t) р 1 during deposition, Eq. 10 can be rewritten
For the conditions studied here, the diffusion field over the ͑iso-lated͒ via is treated as that above a planar surface, rather than the hemispherical solution, in order to model a limited patterned region and convection within the boundary layer.
9, 11 The concentration of cupric ion at the top of the via C t can then be written in terms of the bulk concentration C Cu in the electrolyte by equating the flux of cupric ions diffusing across the boundary layer and the copper incorporation into the top surface, moving at velocity v t (t), to obtain
The time-dependent decrease of C t below the bulk value C Cu reflects the concentration drop across the boundary layer required to supply the increasing cupric ion consumption associated with the increasing surface coverage of accelerator. Approximating the cupric ion concentration for the sidewalls ͑C s ͒ as equal to that at the top of the via ͑C t ͒, to obtain an upper bound on sidewall velocity, gives
This approximation models void formation by more rapid sidewall growth near the top of the via where there is less cupric ion depletion. Using Eq. 12 and 13 and h gap ϭ h ϩ z Ϫ y and r ϭ R Ϫ x ͑see Fig. 1͒ one can obtain
Finally, Eq. 11, 13, and 15 yield
This concentration reflects the concentration drop across the boundary layer as well as down the via itself.
The cupric concentrations C t , C s , and C b expressed in terms of the velocities v b , v s , and v t ͑Eq. 13, 14, and 16͒ with the empirical formulas v s (C s ), v b (C b ), and v t (C t ) in Eq. 3, 4, and 5 ͑the functional form v(C) in Eq. 1͒, provide six nonlinear equations that are solved for the six unknowns C t , C s , C b , v t , v s , and v b . With Eq. 2, 6, and 7 defining the impact of the growth rates v t , v s , and v b on the evolution of the surface coverages t , s , and b , the equations describing via filling in the simple model are now fully determined. Figure 2 shows model predictions, specifically whether fill or fail is to be expected, for the experimentally derived velocity function
Predictions of the Model
with the remaining parameters as given earlier. The via depth h used for the fill criterion in Eq. 8 is 0.5 m; this value is used for all modeling. The curves delineate the border between fill vs. fail conditions for a series of deposition voltages. The existence of an optimal range of accelerator concentrations C MPSA can be understood through the model. Too low a value leads to inadequate coverage b and inadequate upward acceleration of the bottom surface, even with geometrical compression. Too high a value leads to near-unity coverage s ͑as well as b ͒ and thus equal, albeit high, velocities for all surfaces ͑conformal growth͒. The generally improved filling with overpotential going from Ϫ0.14 to Ϫ0.26 V is associated with the increase of the ratio v( ϭ 1)/v( ϭ 0) with increasing overpotential that was noted earlier. The maximization ͑at an aspect ratio greater than five͒ and subsequent decrease ͑not shown͒ of predicted fill conditions at overpotentials beyond Ϫ0.28 V result from higher deposition rates that increase cupric depletion within the via and decrease time for accumulation of accelerator. The maximum fillable aspect ratio is predicted to decrease by 0.12 per mol/L for C MPSA twice the optimal Ϸ2 mol/L at ϭ Ϫ0.2 V ͑Fig. 2͒. For comparison, the maximum fillable aspect ratio of a trench is predicted to decrease by only 0.06 per mol/L for C MPSA twice the optimal Ϸ10 mol/L at ϭ Ϫ0.2 V. 11 This enhanced sensitivity of via filling to electrolyte concentration is caused by acceleration of deposition on the sidewalls that follows the acceleration of deposition on the bottom, restricting the window for superfilling.
These results are generally conservative because sidewall velocity obtained using the higher cupric concentration at the top of the via leads to more rapid sidewall closure ͑failure͒ as well as overestimation of cupric depletion down the via. Aggressive predictions can be obtained by letting C b ϭ C s ϭ C t as given by Eq. 13, thus accounting for cupric depletion across the boundary layer but not down the via itself. Figure 3 compares predictions in this case with those obtained when cupric depletion down the via is included ͑from Fig. 2͒ . The predictions are very similar at lower overpotentials, e.g., Ϫ0.14 and Ϫ0.18 V, where lower deposition rates are associated with minimal cupric depletion. For overpotentials as large as Ϫ0.26 V, it is evident that prediction of the fill/fail boundary requires accurate modeling of cupric ion consumption.
Predicted growth contours during filling of a 0.5 m deep via with aspect ratio of 5 ͑height/width͒ are shown in Fig. 4a for addi- tive concentration 5 mol/L and overpotential Ϫ0.282 V. Figure 4b shows the corresponding histories of y and x, the copper deposition thickness from the via bottom and sides, respectively. Filling is indicated by the fact that y reaches the via height ͑0.5 m͒ before x reaches the via radius. Figure 4c shows the corresponding histories of the accelerator coverages b and s , and Fig. 4d shows the corresponding histories of the cupric ion concentrations C b and C s . It is evident from Fig. 4b that nearly 90% of the y displacement of ͑i.e., metal deposition on͒ the bottom surface occurs in the last few seconds, after accelerator coverage there has saturated ͑Fig. 4c͒. Accelerator coverage and metal deposition rate on the sidewalls are predicted to increase significantly shortly after those on the bottom surface ͑Fig. 4b and 4c͒. In contrast, rapid acceleration of metal deposition on the sidewalls of trenches is neither observed nor expected as trenches have no curvature to enhance accelerator coverage through the CEAC mechanism. The general decrease in cupric ion concentrations ͑Fig. 4d͒ is caused by the increasing deposition rates on all surfaces associated with the accumulation of the accelerator ͑Fig. 4c͒. The rapid decrease of C b at ϳ12 s ͑Fig. 4d͒ is caused by the increasing gradient of concentration required to supply the accelerating deposition rate on the bottom surface. The sudden change of slope at ϳ13 s ͑Fig. 4d͒ is caused by attainment of b ϭ 1 ͑Fig. 4c͒; with cupric consumption nearly maximized, the gap height over which the gradient exists rapidly decreases and the cupric concentration C b approaches C t (ϭC s ).
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Conclusions
This work presents the first predictions of filling of vias by superconformal electrodeposition. The CEAC mechanism is utilized to model the effect of accelerator accumulation and area change on local copper deposition rate to predict conditions for which fill can be expected. A simplified geometry permits reduction of the 3D filling problem to solution of a system of coupled differential equations. Calculations are made both with and without cupric depletion down the via to obtain conservative and aggressive bounding curves for the actual boundaries between filling and nonfilling conditions. Under optimal conditions, superfilling is predicted to occur in features with aspect ratios greater than five. Use of higher cupric ion concentrations can push this value higher. However, the optimal electrolyte composition is quite different than that for superfilling of trenches, which will reduce the aspect ratios of features that can be filled in dual damascene processing. 
